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Climate Risk Management: A Progress Report 
Glenn McGregor 
Department of Geography, Durham University, United Kingdom 
Abstract 
Climate risk management has emerged over the last decade as a distinct area of activity within the wider 
field of climatology. Its focus is on the provision of climate related information that will enhance the 
decision making process in a wide range of climate sensitive sectors of society, the economy and the 
environment. Given the burgeoning pure and applied climate science literature that addresses a range of 
climate risk management problems, the purpose of this progress report is to provide an overview of recent 
developments related to the risk assessment component of climate risk management. Necessarily, because 
of the vastness of the climate risk assessment literature, data rescue and climate data bases, hurricanes and 
droughts as examples of extreme climate events and seasonal climate forecasting are focused on in this 
report. The review of the literature finds that historical data rescue, climate reconstruction and the 
compilation of climate data bases has assisted immensely in understanding past climate events and 
increasing the information base for managing climate risk. Advances in the scientific understanding of the 
causes and the characterization of hurricanes and droughts has had clear benefits for managing these two 
extreme events while work focused on unravelling the nature of ocean-atmosphere interactions and 
associated climate impacts at the seasonal timescale has provided the basis for the possible seasonal 
forecasting of a range of climate events. The report also acknowledges that despite the potential of 
climate information to assist with managing climate risk its uptake by decision makers and users may 
well be contingent upon understanding a range of non-climate factors. 
I Introduction 
 
Polemics aside related to climate determinism, it is clear that climate exerts a strong influence on a range 
of human activities and hence human development.  Accordingly, there is now a demand from a variety 
of sectors for climate information that can be used across a range of decision making environments. In 
many ways the imperatives of disaster risk reduction, sustainability and resilience, resource development 
and management, building human capital and profitability in business have led to the emergence of 
climate risk management (CRM) as a distinct field of pure and applied research.  A clear manifestation of 
the global recognition of the potential significance of climate information for risk management is the 
establishment of the World Meteorological Organization’s Global Framework for Climate Services 
(GFCS) the overarching aim of which  is “to enable society to manage better the risks and opportunities 
arising from climate variability and change, especially for those who are most vulnerable to climate-
related hazards …… through developing and incorporating science-based climate information and 
prediction into planning, policy and practice” (WMO, 2014a).  Given this, the purpose of this progress 
report is to focus on the science provision aspects related to the risk assessment component of climate risk 
management by summarizing recent literature on data rescue and climate data bases, extreme climate 
events and seasonal climate forecasting. Before proceeding, an attempt will be made to briefly define 
climate risk management. 
 
As yet there is no formal dictionary style definition for climate risk management, as the term does not 
appear in a number of obvious places such as the glossaries of the American and Royal Meteorological 
Societies and major climate related encyclopedias. This situation most likely relates to the newness of 
CRM as a discipline as opposed to the contested nature of what CRM is. Conscious of this the World 
Meteorological Organisation‘s Task Team on Climate Risk Management (Rodriguez  et al., 2012) has 
defined CRM “as a systematic and coordinated process in which climate information is used to reduce the 
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risks associated with climate variability and change, and to take advantage of opportunities, in order to 
improve the resilience of social, economic and environmental systems”.  This resonates well with the 
general conception of the nature of risk management as outlined in the International Organization for 
Standardizations “Guide on Risk Management Vocabulary” and “Principles and Guidelines of Risk 
Management” (ISO 2009a, 2009b). It also aligns with the views of how CRM is defined by the 
International Research Institute (IRI) for Climate and Society (Zebiak, 2010)), and UNDP’s Bureau for 
Crisis Prevention and Recovery (UNDP, 2014). In simple terms, these views of CRM emphasize the 
centrality of climate information for improving human livelihoods and lifestyles while ensuring 
ecosystem services are not compromised. Further, given that CRM deals with complex or ‘wicked’ 
climate related problems it is becoming by necessity an interdisciplinary science. 
 
II Historical Data Rescue, Climate Reconstruction and Development of Climate Data Sets 
Because of the incompleteness of climate data in both space and time, efforts have been invested in 
historical climate data rescue and climate reconstruction, as well as the development of gridded climate 
products. Although not necessarily one of the “glamorous” aspects of climatology, these activities are of 
fundamental importance as they serve to support climate impact and risk as well as variability and change 
assessments, provide important historical weather observations that constrain climate modelling of the 
past and the future, extend the climate record for a single location or region allowing analysis of climate 
extremes, serve as inputs into climate reanalysis projects and calibration exercises for satellite and climate 
proxy data and provide context for early warning systems (Allan et al., 2011; Brohan et al., 2012). As 
noted by Brunet and Jones (2011) a number of data rescue efforts are underway at both national and 
international levels. Of particular note are the Mediterranean Data Rescue (MEDARE) (Brunet and Jones, 
2011) and the Atmospheric Circulation Reconstructions over the Earth (ACRE) (Allan et al., 2011) 
initiatives. The discovery and rescue of instrumental records and their subsequent analysis alone, or in 
combination with other sources of climate information, continues to shed light on various aspects of 
climate system dynamics such as the long-term variability in the date of monsoon onset over western 
India (Adamson et al., 2013), climate periodicity and climate dynamics over Europe (Ludecke et al., 
2013; Zorita et al., 2013) and specific weather events of climate importance (Dominguez-Castro et al., 
2013).  
Diaries, log books, expedition and other types of historical documents also provide a rich resource for 
assisting with climate reconstruction. For example Wilkinson et al (2011) have used logbooks of the 
Dutch and English East India Companies and the British Royal Navy in an effort to augment other 
historical sources of marine data. Brohan et al. (2010) and Wheeler (2010) have also used logbooks for 
Arctic and North Atlantic marine climate reconstruction respectively. Similarly using recordings in a 
private diary, Zhang et al. (2013) have built a picture of precipitation variations in Beijing for the period 
1860-1897 while Hao et al., (2012) used historical documents of the Yu-Xue-Fen-Cun archive recorded 
during the Qing Dynasty (1644-1911) to build a climatology of winter snowfall for the middle and lower 
reaches of the Yangtze River. Further examples of how information contained in diaries has been used for 
reconstructing various aspects of climate include a reconstruction of mean sea level pressure for Paris and 
subsequently a time series of the North Atlantic Oscillation back to 1692 (Cornes et al., 2012; 2013), a 
record of atmospheric pressure changes in the Arctic from 1801 to 1920 (Przybylak et al., 2013) and a 
temperature reconstruction for North-Eastern Italy for the last millennium (Enzi et al., 2013).  
Blending information from a variety of data sources is also yielding benefits for reconstructing climate 
conditions for areas where few if any instrumental records exist (Luterbacher et al., 2010). For example 
documentary information, hydrologic indicators, and rain gauge records have been compiled and 
combined into a semi-quantitative precipitation dataset that extends from 1801 to 1900 for Africa 
(Nicholson et al., 2012). For the Kingdom of Lesotho in southern Africa, Nash and Grab (2010) and Grab 
and Nash (2010) have reconstructed a record of rainfall variability and winter climate variability 
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respectively based on unpublished English-, French- and Lesotho-language materials. Using similar 
sources, Nash and Endfield (2008) have presented an assessment of the historical association between El 
Nino and rainfall variability in the Kalahari for the period 1840-1900. Allied benefits of mining diaries 
and hitherto unpublished documents are insights into climate related impacts such that arising from the 
1816 Tambora eruption (Bodenmann et al., 2011; Lee and MacKenzie, 2010) and understanding the 
complex relationship between climate, environmental change and epidemic disease “(re)emergence” in 
East Africa (Endfield et al., 2009).  
Because there is increasing demand for data at fine space and time scales, the patchy coverage offered by 
data sets constructed from disparate and often qualitative documentary sources are not likely to fully 
satisfy the requirements of climate risk analysts. For this reason there is burgeoning investment in the 
development of a range of global climate data products (Chandler et al., 2012) many of which are gridded 
and cover at least 50 years. Further, in order to the maximize the utility of rescued data and newly 
constructed data sets and surmount issues related to data standards, digitization, exchange and sharing 
there has been a call for the global implementation of a set of climate data standards and protocols (WMO, 
2014b; 2014c). Examples of recently developed data sets include a land surface specific humidity data 
product that has been used in the analysis of humidity trends (Willett, 2013), a near global gridded data 
set of temperature and precipitation extremes (Donat et al., 2013) applied to assessing trends in annual 
maximum daily precipitation (Westra et al., 2013) and a global monthly night marine air temperature data 
set (Kent et al., 2013). While such new and emerging data sets offer possibilities for a range of analyses 
for climate risk management, analyses based on existing well established data sets (Allan and Ansell, 
2006; Huffman et al., 2009; Jones et al., 2012; Kennedy et al., 2011; Morice et al., 2012; Rayner et al., 
2006) and third generation re-analysis products (Dee et al., 2011; Reinecker et al., 2011; Saha et al., 
2010) continue to provide insights into a number of aspects of climate risk.  
III Seasonal Climate Forecasting 
Until the latter part of the 20
th
 century managers of climate sensitive resources and production systems 
relied on a blend of climatology and observed conditions to make decisions regarding climate related 
social and economic risks several months ahead. However, as the climate communities’ understanding of 
the large scale mechanisms that influence climate has improved, seasonal to inter-annual to decadal 
climate forecasts have become a real prospect (Goddard et al., 2010), with some regions showing more 
promise than others. Understandably this has attracted much interest from a range of climate sensitive 
sectors such that outputs from seasonal climate forecasts (SCF) are beginning to be incorporated into the 
decision making processes related to managing risk in industries such as water (van Pelt et al., 2011), 
energy (Troccoli et al., 2010), agriculture (Crane et al., 2010) and insurance. Because of seasonal climate 
forecasting’s rapid development as a science, there have been a number of recent reviews of its nature, 
current status and prospects (Brunet et al., 2010; Dobles-Reyes et al., 2013; Goddard et al; 2010; Smith et 
al., 2012; Stockdale et al., 2010). While these provide good coverage of statistical and dynamical seasonal 
climate forecast model developments (e.g. Stockdale et al., 2012), frameworks for assessing skill and 
predictability and factors that might influence these (Goddard et al. 2013; Sun and Wang, 2013) and 
challenges related to bridging timescales of prediction (Goddard et al., 2012; Hudson et al., 2011), less 
attention has been given to SCF based predictions of hydrometeorological extremes, applications of actual 
SCF in a range of sectors and the value or otherwise of these. Accordingly these aspects of seasonal 
climate forecasting will be emphasized here. 
Hydrometeorological extremes that have been the subject of seasonal forecasting attempts include 
drought (Dutra et al., 2013; Sohn et al., 2013), fire (Khan, 2012; Road et al., 2010; Shabbar et al., 2011), 
tropical cyclones and hurricanes (Diamond et al., 2012; Kim and Webster, 2010; Liu et al., 2012; Vecchi 
et al., 2013); tornadoes (Tippet et al. 2012); floods, periods of high/low river flow and soil moisture 
(Shukla and Lettenmeier, 2011; Yuan et al., 2013), dust storms (Tao et al., 2010), ocean wave heights and 
variability (Colman et al., 2011; Hazeleger et al., 2013), windstorms (Renggli et al., 2011) and extreme 
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temperatures (Barnston and Mason, 2011; Becker et al., 2013; Eade et al., 2012; Hamilton et al., 2012; 
Hanlon et al., 2013).   
In many ways the true test of the utility of seasonal climate forecasting science and its products is its 
uptake by users. Encouragingly there is evidence that SCF are gaining traction within a number of sectors, 
an outcome closely aligned with the hopes of the World Meteorological Organisation’s Global 
Framework for Climate Services (WMO, 2014a). For example SCF are being used for guiding decisions 
in the agricultural sector in the Sub-Saharan region of Africa (Hansen et al., 2011). For Zimbabwe, 
Unganai et al. (2013) have described how tailored forecasts have assisted with management of drought 
related risk in rain fed farming systems. Also for Zimbabwe, Zinyengere et al. (2011) describe the integral 
part that SCF and probabilistic rainfall forecasts have played in the development of a climate based maize 
production decision support tool. Other applications of SCF in the agricultural sector include the 
prediction of temperatures at the beginning of the growing season and killing frost frequency in Canada 
(Wu et al,    2013), the onset of the wet season in West Africa (Vellinga et al., 2013), managing mixed 
sheep-wheat farms in Western Australia (Asseng et al., 2012) and rice production in the Philippines 
(Koide et al., 2013).   
In order to address the risk-averse behaviour of hydropower managers in the upper Blue Nile basin region 
of Ethiopia, Block (2011) has developed tailored SCF of rainfall for sequential ingestion into rainfall-
runoff and hydropower models. When rainfall and eventually hydropower predictions are considered in 
the context of managerial risk preferences, SCF based predictions of hydropower are shown to produce 
superior benefits and reliability compared with risk-taking tendencies conditioned on climatology. 
Conscious of the need to dispel concerns about the predictability of heating-degree days (HDD), an 
important weather derivative (Zeng, 2000) traded daily in the energy sector, Brands (2013) shows how 
Eurasian snow cover extent in October can be used for making useful predictions of the so called ‘strike’, 
the pre-negotiated HDD standard deviation value above or below which an energy supplier will or will 
not receive an insurance payout. As season ahead forecasts of climate related health outcomes, such as 
vector borne disease (e.g. malaria and dengue), are likely to yield benefits for the health sector (McGregor, 
2012) SCF are being applied in the development of malaria early warning systems (Jones and Morse, 
2012; Thomson et al., 2006).  
 
There is a burgeoning literature that addresses the value of SCF and associated barriers and limitations to 
the uptake of SCF products. Millner and Washington (2011) have provided a useful theoretical 
framework for considering the factors that might influence the perceived value of SCF. In a similar vein 
Coelho and Costa (2010), Marshall et al. (2012) and Lemos et al., (2012) address the challenges of 
integrating SCF into user applications, describe reasons relating to the reluctance of resource users to 
contemplate the potential benefits of SCF and consider strategies for narrowing the climate information 
gap between producers and consumers of climate information. Because science in general is being 
increasingly scrutinized in terms of its economic benefit and contribution to wealth generation, a number 
of recent studies have addressed evaluation strategies and presented estimates of the potential economic 
value of SCF (Emmanuel, et al., 2012; Kumar, 2010; Sultan et al., 2010). Lamb et al., (2011) also present 
an outline of the professional development requirements for capitalizing on the potential of SCF. 
Importantly, Jaeger et al. (2008) have suggested a methodology for calculating the fraction of attributable 
risk to climate related damages, which could be potentially managed provided information at sufficient 
lead times is available. 
 
IV Extreme Climate Events 
Because of the vastness of the literature on extreme climate events this section necessarily is limited to 
two, namely meteorological drought and hurricanes.  Further in keeping with the aims of this progress 
report the focus will be on the characteristics and causes of the selected extremes as opposed to the 
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consequences of and responses to them.  A comprehensive treatment of the impact of a range of climate 
extremes on natural and human systems and their management can be found in the IPCC’s Special Report 
on Climate Extremes (IPCC, 2012) while an assessment of the evidence for trends in climate extremes 
and likely alterations to their climatology due to anthropogenic climate change can be found in the 
recently published IPCC Fifth Assessment Report (IPCC, 2013).  
Unlike many other hydrometeorological hazards meteorological drought is pervasive in that its 
development is slow and not immediately visible; this also applies to hydrological and agricultural 
drought both of which have their origins in meteorological drought. Given this, the recent drought 
literature is replete with studies focused on the development and use of drought indices in drought 
characterization, risk assessment and forecasting, and analyses of the climate dynamics associated with 
drought occurrence.  
Over the last several decades there has been an almost industrial scale production of drought indices, 
many of which have been produced without any specific end-user in mind; there are approximately 100.  
A number of  attempts have been made to review the vast range of indices (Heim, 2002; Keyantash and 
Dracup, 2002; White and Walcott, 2009; Zagar et al., 2011), make inter-comparisons of them and draw 
conclusions concerning the suitability of particular indices for specific applications (Mo, 2008; Mo et al., 
2011; Vicente-Serrano et al., 2010, 2012). While most indices are calculated using surface instrumental 
data a number of indices based on satellite derived climate products have materialized recently 
(AghaKouchak and Nakhjiri; 2012; Anderson et al., 2011; Gouveia et al., 2009; Mu et al., 2013; 
Naumann et al., 2012; Swain et al., 2007). Given the plethora of drought indices, understandably there has 
been a call for a universal index, with the standardized precipitation index (SPI) emerging as a likely 
candidate (Hayes et al., 2011). Similarly momentum is building for a global as opposed to a 
national/regional piecemeal approach to drought monitoring (Hein and Brewer; 2012; Pozzi et al., 2013).     
Recent studies focused on the characterization of drought have applied a number of approaches. For 
Europe, Lloyd-Hughes et al. (2013) use a spatio-temporal structure-based approach finding little 
similarity between individual drought structures, irregularity in the temporal evolution of similar drought 
events and that geographically extensive droughts result from the coalescence of multiple small area short 
duration droughts suggesting that local land atmosphere feedbacks might play a role in the spatial 
aggregation process. Hannaford et al. (2011) and Parry et al. (2012) have noted that historical European 
droughts generally have distinctive signatures in their spatio-temporal development. Also focusing on 
Europe, Bonaccorso et al. (2013) suggest that in addition to the Euro-Mediterranean region, North 
Western and Central Eastern regions appear more drought prone than the rest of Europe based on an 
analysis of their respective marginal and multivariate probability conditional density function 
characteristics. Using spatial point process theory Yang et al. (2013) have considered the spatial 
characteristics of drought across China revealing a tendency for clustering of severe droughts in autumn 
and an inter-decadal change in the occurrence of clustering of extreme winter droughts. For the US 
central plains region, Logan et al (2010) find drought is confined to isolated regions of the West and 
North plains with little difference in drought frequency patterns across the region. At the global scale 
Perez et al. (2011) use non-contiguous and contiguous drought area analyses to consider the spatio-
temporal characteristics of drought. They note the large spatial extent of the European 1976 drought and 
similarly the wide geographical impact of El Nino on drought.  
A predominant theme in studies that explore the underlying atmosphere-ocean causes of drought has been 
the role of major modes of atmospheric variability and sea surface temperatures. In this regard El Nino 
Southern Oscillation (ENSO) has received considerable attention.  At the global scale Vicente-Serrano et 
al. (2011) find varying sensitivity of drought severity and duration to El Nino and La Nina and intra-
annual effects concerning the importance of ENSO for explaining drought variability. They also identify 
geographical variation of the ENSO effect on drought duration such that ENSO has its greatest visibility 
at the 1-3 month timescale across large areas of the US and eastern Europe at the beginning of ENSO 
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events while the ENSO effect is more evident and longer lasting following its onset across South Africa, 
Australia and Southeast Asia. While such global scale analyses based on composites with a sole focus on 
El Nino tend to create the impression that this particular mode of atmospheric variability “dominates”, 
recent regional or country scale analyses that consider the interactive effects of ENSO with other modes 
of atmospheric variability have begun to overturn some of the traditional thinking concerning drought 
causes. For example, Ummenhofer et al. (2009) have revealed Indian Ocean as opposed to Pacific Ocean 
variability and its impact on tropical moisture transport as an important player in the generation of 
Australia’s worst droughts. Similarly for two principal droughts in the US, Hoerling et al. (2009) found 
that the 1946-1956 drought that dominated the Southern Plains and adjacent Southwest was principally 
due to La Nina effects while drought severity over the Northern Plains during 1932-1939 was likely 
triggered by random atmospheric variability, possibly related to land-atmosphere feedbacks (Cook et al., 
2011). The role of regional factors related to possible land-atmosphere interactions and soil moisture 
effects in modulating large scale climate signals is also evident for multi-year droughts across Europe 
(Parry et al., 2012) and Korea (Rim et al., 2012).  
That ENSO does not act as a “lone ranger” is evident for a number of regions. For monsoon Asia 
Ummenhofer et al. (2013) demonstrate the importance of ENSO - Indian Ocean Dipole interactive effects, 
Barriopedro et al. (2009) highlight the role of both ENSO and the Arctic Oscillation in the development 
of the severe 2009-10 drought in China, while Weng et al. (2011) and Karori et al. (2013) respectively 
describe the effects of the three coupled ocean-atmosphere phenomena of El Nino, El Nino Modoki and 
the Indian Ocean Dipole on summer climate and the asymmetric effects of two types of El Nino on 
drought in China. As for monsoon Asia, other major regions demonstrate a range of large scale climate 
forcings on drought. Shanahan et al. (2009) demonstrate the role of Atlantic Ocean forcing on West 
African drought while Munemoto and Tachibana (2012) show that the long-term variation of precipitation 
over Sahel is related to shifts in inter-hemispheric atmospheric circulation driven by contrasts and 
reversals in Northern Hemisphere and Southern Hemisphere sea surface temperature patterns in the 
Atlantic region. Over East Africa it appears that sea surface temperature variations in all global oceans 
have seasonally dependent impacts on drought (Omondi et al., 2013). These findings are partly 
corroborated by Elsanabary et al. (2013) who find the El  Niño region and the northern Atlantic, west of 
the Sahara desert, to be particularly important for controlling dry periods over Ethiopia.  
South America like Africa, which also sits between two major ocean basins, demonstrates climate and 
drought forcing effects from both the Pacific and Atlantic (Mo et al., 2011). Of particular interest has 
been the role of these ocean basins and associated atmospheric circulation anomalies in explaining the 
occurrence of severe drought in the Amazon. Based on an analysis of three severe drought events (1997–
1998, 2004–2005 and 2009–2010 ) Coelho et al. (2012) conclude that drought in the Amazon is related to 
enhanced subsidence and associated inhibition of rainfall formation. This leads to a protracted dry season 
(Marengo et al., 2011) over the Amazon Basin due to a localized Walker Cell type circulation attributable 
to “cool” El Nino SST conditions in the Pacific and warm SST in the North Atlantic. While these region-
wide forcing mechanisms and associated drought responses make sense, analyses of drought at smaller 
scales within the Amazon Basin and elsewhere in South America have been useful in adding clarity to the 
role of anomalous SST in the North Atlantic (Espinoza et al., 2011), complex terrain and the interplay 
between atmospheric processes at a range of nested spatial and temporal scales in determining the spatial 
heterogeneity of drought in the South American region (Cavalcanti and Fonesca2012; Bobba and Minetti, 
2012; Houston, 2006)..   
Hurricanes, tropical cyclones or typhoons are one of the most powerful natural hazards, which because of 
their associated effects, can have long lasting impacts on coastal and near coastal human and natural 
systems. In some ways they are unique amongst a range of hydrometeorological extremes in that they 
generate other extreme events such as intense rainfall, hail, tornadoes, fluvial and coastal flooding, mass 
movements, erosion and deposition and wind damage. A huge effort has been invested in quantifying 
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hurricane risk, especially along the western margins of the North Atlantic and North and South Pacific 
Ocean basins where billions of dollars of coastal investment is exposed to the impacts of hurricanes. In 
comparison to the Atlantic and Pacific basins, regrettably there appears to be few studies in the 
mainstream journal literature on the Indian Ocean region especially in the vicinity of the Bay of Bengal 
where tropical cyclone risk is high and the human as opposed to the built environment consequences can 
be devastating. 
A range of methods are applied in hurricane risk assessment including statistical analyses of hurricane 
intensity and frequency in the time and frequency domains as well as neural network and fuzzy 
approaches, dynamical models of hurricane structure and behaviour, hurricane disaster loss assessment 
based on scenario analysis and catastrophe modelling. Added to these are studies that contribute to 
understanding risk through revealing the factors that influence hurricane genesis and occurrence.  
The main purposes of, and recent improvements in, hurricane hazard modelling based on numerical 
simulations have been outlined by Vickery et al. (2009a and 2009b). While acknowledging that modelling 
is an important tool for hurricane risk assessment, Levinosn et al. (2010) address some of the issues that 
may exacerbate sampling problems for accurate characterization of hurricane parameters for design and 
operational applications and Vickery et al. (2009c) discuss the uncertainty associated with hurricane wind 
speeds estimates for the US.  Harper et al. (2012) and Cook and Nicholls (2012) also touch on the way in 
which assumptions about hurricane dynamics can influence hurricane wind hazard estimation while 
Pielke (2009) compares the value of climatology over predictions in relation to risk estimation. 
Notwithstanding some of the assumptions associated with hurricane risk assessment, a range of studies 
report on risk assessment methods or risk estimates from numerical or statistical based analyses of 
hurricane related hazards including hurricane related storm surge in New York (Lin et al. 2010) and risk 
to offshore wind turbines (Rose, 2012), US air force bases (Scheitlin et al., 2011) and the built 
environment in Florida (Hamid et al., 2011). Examples of methodological developments in hurricane risk 
assessment include the application of fuzzy mathematical and grey models (Liu et al., 2012),  improved 
hurricane track simulations (Rumpf et al., 2009), the development of a risk calculator for estimating wind 
risk over a range of durations (Malmstadt et al., 2010), construction of a tropical cyclone potential impact 
index (Xiao et al., 2011), and the integration of a range of data in a GIS framework to produce hurricane 
risk maps (Poulos, 2010; Taramelli et al., 2010).  
Of interest to the hurricane risk community are the large-scale climate mechanisms and factors associated 
with the inter-annual variation of hurricane occurrence as knowing these can inform the development of 
hurricane forecasting models for a range of time scales (Emmanuel et al., 2006; Klotzbach, 2011a; Slade 
et al., 2013; Veechi et al., 2013; Villarini et al., 2012; Villarini and Veechi, 2013). Of a range of factors, 
the role of regional and remote sea surface temperatures (Dailey et al., 2009; Jin et al., 2013; Rumpf et al., 
2010; Wang et al., 2011) and large-scale modes of atmospheric or oceanic variability such as El Niño-
Southern Oscillation, the Madden-Julian Oscillation and the Indian Ocean Dipole (Klotzbach, 2011b, 
2012; Larson et al. 2012; Lin et al., 2012; Werner et al., 2012) have received attention. Of course, a 
fundamental requirement for robust hurricane risk assessment is the availability of quality assured 
homogenous tropical cyclone frequency, intensity and track data. Accordingly the compilation of tropical 
cyclone data bases has received much attention in the literature (Diamond et al., 2012; Knapp et al., 2010; 
Levinson et al., 2010b; Weinkle et al., 2012).     
V Synthesis 
Climate risk management, which is broadly the use of climate information in risk related decision making 
in climate sensitive sectors and ecosystem services, is comprised of a number of steps of which assessing 
the risk associated with a particular aspect of the climate system is crucial. A range of methods and 
information have been applied to risk assessment, as part of the overall CRM process. However, there is 
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still room for advances with respect to the use of structured information and transparent methodologies so 
as to add to the scientific rigour and reproducibility of risk assessments. Another area ripe for attention is 
the development of impact, as well as adaptation, indicators. The former are required to establish the link 
between impacts and associated weather and climate anomalies while the latter will assist in evaluating 
the efficacy of intervention strategies.  
As climate risk assessment is dependent on the availability of high quality long term climate data and an 
understanding of the climate processes associated with generation of the physical hazards that precipitate 
risk, climate reconstruction using a range of historical records as well as the generation of global climate 
data sets constitute an important part of CRM. Likewise, understanding the ocean and atmospheric 
dynamics associated with the development of a range of hydrometerological hazards, such as drought and 
hurricanes, provides the scientific knowledge required for the development of statistical and dynamical 
seasonal climate forecast models and related products. Facilitating uptake of such science in climate 
related risk decision making may well be contingent upon understanding a range of non-climate factors. 
Therefore, for the sustainability of the “climate” component of climate risk management, it is probably 
necessary for climate risk management to develop over the next five to ten years as a truly 
interdisciplinary enterprise. 
 
  
9 
 
 
 VI References 
Adamson GCD and Nash D (2013) Long-term variability in the date of monsoon onset over western India. 
Climate Dynamics 40: 2589-2603.  
AghaKouchak A and Nakhjiri N (2012) A near real-time satellite-based global drought climate data 
record. Environmental Research Letters 7: 4 Article Number: 044037.  
Allan R and Ansell T (2006) A new globally complete monthly historical gridded mean sea level pressure 
dataset (HadSLP2): 1850-2004. Journal of Climate 19: 5816-5842. 
Allan R, Brohan P, Compo GP et al. (2011) The international atmospheric circulation reconstructions 
over the earth (acre) initiative. Bulletin of the American Meteorological Society 92: 1421-1425.  
Anderson MC, Hain C, Wardlow C (2011) Evaluation of Drought Indices Based on Thermal Remote 
Sensing of Evapotranspiration over the Continental United States. Journal of Climate 24: 2025-2044. 
Asseng S, Thomas D, McIntosh P et al. (2012) Managing mixed wheat-sheep farms with a seasonal 
forecast. Agricultural Systems 113: 50-56.  
Barnston AG and Mason SJ (2011) Evaluation of IRI's seasonal climate forecasts for the extreme 15% 
tails. Weather and Forecasting 26: 545-554.  
Barriopedro D, Gouveia CM, Trigo RM and Wang L (2012) The 2009/10 drought in China: possible 
causes and impacts on vegetation. Journal Of Hydrometeorology 13: 1251-1267. 
Becker E, van den Dool H and Pena M (2013) Short-Term Climate Extremes: Prediction Skill and 
Predictability. Journal of Climate Volume 26: 512-531.  
Block P (2011) Tailoring seasonal climate forecasts for hydropower operations.  Hydrology and Earth 
System Sciences 15: 1355-1368.  
Bobba ME and Minetti JL (2010) South American atmospheric circulation anomalies related to droughts 
in the northwest of Argentina (1951-1980).  Atmosfera 23: 263-275.  
Bodenmann T, Broennimann S, Hadorn GH et al.  (2011) Perceiving, explaining, and observing climatic 
changes: An historical case study of the "year without a summer" 1816. Meteorologische Zeitschrift 20: 
577-587.  
Bonaccorso B, Peres DJ, Cancelliere A, and Rossi G (2013) Large scale probabilistic drought 
characterization over Europe. Water Resources Management 27: 1675-1692.  
Brands S (2013) Skillful seasonal predictions of boreal winter accumulated heating degree days and 
relevance for the weather derivative market. Journal of Applied Meteorology and Climatology 52: 1297–
1302. 
Brohan P, Allan  R, Feeman E et al. (2012) Constraining the temperature history of the past millennium 
using early instrumental observations. Climate of the Past 8: 1551-1563. 
Brohan P, Ward C and Willetts G (2010) Arctic marine climate of the early nineteenth century. Climate of 
the Past 6: 315-324.  
10 
 
Brunet G, Shapiro M, Hoskins B et al. (2010) Collaboration of the weather and climate communities to 
advance subseasonal-to-seasonal prediction. Bulletin of the he American Meteorological Society 91: 
1397-1406.  
Brunet M and Jones P (2012) Data rescue initiatives: bringing historical climate data into the 21st century. 
Climate Research 47: 29-40.  
Cavalcanti IFA and Fonesca I (2012) Large scale and synoptic features associated with extreme 
precipitation over South America: A review and case studies for the first decade of the 21st century. 
Atmospheric Research 118: 27-40.  
Chandler RE, Thorne P, Lawrimore J and Willet K (2012) Building trust in climate science: data products 
for the 21st century. Environmetrics 21: 373-381.  
Coelho CAS and Costa MS (2010) Challenges for integrating seasonal climate forecasts in user 
applications. Current Opinion In Environmental Sustainability 2: 317-325.  
Coelho CAS, Cavalcanti I and Costa SMS et al. (2012) Climate diagnostics of three major drought events 
in the Amazon and illustrations of their seasonal precipitation predictions. Meteorological Applications 
19: 237-255. 
Colman AW, Palin E, Sanderson M et al. (2011) The potential for seasonal forecasting of winter wave 
heights in the northern North Sea. Weather and Forecasting 26: 1067-1074. 
Cook BJ, Seager R and Miller RL (2011) Atmospheric circulation anomalies during two persistent north 
american droughts: 1932-1939 and 1948-1957. Climate Dynamics 36: 2339-2355. 
Cook GD and Nicholls MJ (2012) Comments on "Estimation of tropical cyclone wind hazard for Darwin: 
comparison with two other locations and the Australian wind-loading code" Reply. Journal of Applied 
Meteorology and Climatology 51: 172-181.  
Cornes RC, Jones PD, Briffa KR and Osborn TJ (2012) A daily series of mean sea-level pressure for 
Paris, 1670-2007. International Journal of Climatology 32: 1135-1150.  
Cornes RC, Jones PD, Briffa KR and Osborn TJ Estimates of the North Atlantic Oscillation back to 1692 
using a Paris-London westerly index. International Journal of Climatology 33: 228-248.  
Crane TA, Roncoli C, Paz J, et al. (2010) Forecast skill and farmers' skills: Seasonal climate forecasts and 
agricultural risk management in the southeastern United States. Weather Climate and Society 2: 168-168.  
Dailey PS, Zuba G, Ljung G et al. (2009) On the relationship between North Atlantic sea surface 
temperatures and us hurricane landfall risk. Journal of Applied Meteorology and Climatology 48: 111-129.  
Dee DP, Uppala SM, Simmons AJ et al. (2011) The ERA-Interim reanalysis: configuration and 
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society 137: 
553-597. 
Diamond HJ, Lorrey AM, Knapp KR and Levinson DH (2012) Development of an enhanced tropical 
cyclone tracks database for the southwest Pacific from 1840 to 2010.  International Journal of 
Climatology 32: 2240-2250.  
Doblas-Reyes, FJ, Garcia-Serrano J, Lienert F et al. (2013) Seasonal climate predictability and 
forecasting: status and prospects. Wiley Interdisciplinary Reviews-Climate Change 4: 245-268.  
11 
 
Dominguez-Castro F, Trigo RM and Vaquero JM (2013) The first meteorological measurements in the 
Iberian Peninsula: evaluating the storm of November 1724. Climatic Change 118: 443-455.  
Donat MG, Alexander LV, Yang H (2013) Updated analysis of temperature and precipitation extreme 
indices since the beginning of the twentieth century: The HadEX2 dataset. Journal of Geophysical 
Research 118: 2098–2118. 
Dutra E, Magnusson L, Wetterhall F et al. (2013) The 2010-2011 drought in the Horn of Africa in 
ECMWF reanalysis and seasonal forecast products. International Journal of Climatology 33: 1720-1729.  
Eade R, Hamilton E and Smith DM (2012) Forecasting the number of extreme daily events out to a 
decade ahead. Journal of Geophysical Research-Atmospheres 117: Article Number D21110.  
Elsanabary MH, Gan TY, and Mwale D (2013) Application of wavelet empirical orthogonal function 
analysis to investigate the nonstationary character of Ethiopian rainfall and its teleconnection to 
nonstationary global sea surface temperature variations for 1900–1998. International Journal of 
Climatology 34: 1798 – 1813.  
Emanuel K, Sai R, Emmanuel V and Camille R (2006) Supplement to a statistical deterministic approach 
to hurricane risk assessment. Bulletin of the American Meteorological Society 87: 1-5. 
Emanuel K, Fondriest F, and Kossin J (2012) Potential economic value of seasonal hurricane forecasts. 
Weather Climate and Society 4: 110-117. 
Endfield GH, Ryves DB, Mills, K and Berrang-Ford  l (2009) 'The gloomy forebodings of this dread 
disease', climate, famine and sleeping sickness in East Africa. Geographical Journal 17: 181-195.  
Enzi S, Sghedoni M and Bertolin C (2013) Temperature Reconstruction for North-Eastern Italy over the 
Last Millennium: Analysis of Documentary Sources from the Historical Perspective. Medieval History 
Journal 16: 89-120.  
Espinoza JC, Ronchail J, Guyot JL et al. (2011) Climate variability and extreme drought in the upper 
Solimoes River (western Amazon Basin): Understanding the exceptional 2010 drought. Geophysical 
Research Letters 38: Article Number L13406.  
Goddard L, Aitchellouche Y, Baethgen W et al. (2010) Providing seasonal-to-interannual climate 
information for risk management and decision-making. Procedia Environmental Sciences 1: 81-101.  
Goddard L, Kumar A, Solomon A et al. (2013) A verification framework for interannual-to-decadal 
predictions experiments. Climate Dynamics 40: 245-272.  
Gouveia C, Trigo RM and DaCamara CC (2009) Drought and vegetation stress monitoring in Portugal 
using satellite data. Natural Hazards and Earth System Sciences 9: 185-195.  
Grab S and Nash DJ (2010) Documentary evidence of climate variability during cold seasons in Lesotho, 
southern Africa, 1833-1900. Climate Dynamics 34: 473-499.  
Hamid SS, Pinelli JP, Chen SC and Gurley K (2011) Catastrophe model-based assessment of hurricane 
risk and estimates of potential insured losses for the State of Florida. Natural Hazards Review 12: 171-
176. 
Hamilton E, Eade R , Graham RJ (2012) Forecasting the number of extreme daily events on seasonal 
timescales. Journal of Geophysical Research-Atmospheres 117: Article Number D03114.  
12 
 
Hanlon HM, Hegerl G, Tett SFB and Smith DM (2013) Can a Decadal Forecasting System Predict 
Temperature Extreme Indices? Journal of Climate 26: 3728-3744.  
Hannaford J, Lloyd-Hughes B, Keef C et al. (2011) Examining the large-scale spatial coherence of 
European drought using regional indicators of precipitation and streamflow deficit. Hydrological 
Processes 25: 1146-1162.  
Hansen JW, Mason S, Sun L and Tall A (2011) Review of seasonal climate forecasting for agriculture in 
Sub-Saharn Africa. Experimental Agriculture 47: 205-240.  
Hao Z –X, Zheng J. –Y, Ge Q –S and Wang WC (2012) Winter temperature variations over the middle 
and lower reaches of the Yangtze River since 1736 AD. Climate of the Past 8: 1023-1030.  
Harper BA, Holmes JD, Kepert JD et al. (2012) Comments on "Estimation of tropical cyclone wind 
hazard for Darwin: comparison with two other locations and the Australian wind-loading code". Journal 
of Applied Meteorology and Climatology 51: 161-171.  
Hayes M, Svoboda M, Wall N and Widhalm M (2011) The Lincoln Declaration on drought indices: 
universal meteorological drought index recommended. Bulletin of the American Meteorological Society 
92: 485–488. 
Hazeleger W, Wouters B, van Oldenborgh GJ et al. (2013) Predicting multiyear North Atlantic Ocean 
variability.  Journal of Geophysical Research-Oceans 118: 1087-1098.  
Heim RR (2002) A review of twentieth-century drought indices used in the United States. Bulletin of the 
American Meteorological Society 83: 1149–1165. 
Heim RR and Brewer MJ (2012) The Global Drought Monitor Portal: The Foundation for a Global 
Drought Information System.  Earth Interactions 16: Article Number:15. 
Hoerling M, Quan X-W and Eischeid J (2009) Distinct causes for two principal US droughts of the 20th 
century. Geophysical Research Letters 36: Article Number L19708.  
Houston J (2006) Variability of precipitation in the Atacama Desert: its causes and hydrological impact. 
International Journal of Climatology 26: 2181–2198.  
Hudson D, Alves O, Hendon HH and Marshall AG (2011) Bridging the gap between weather and 
seasonal forecasting: intraseasonal forecasting for Australia. Quarterly Journal of the Royal 
Meteorological Society 137: 673-689.  
Huffman GJ, Adler R, Bolvin DT et al. (2009) Impacts of non-canonical El Nino patterns on Atlantic 
hurricane activity: Improving the global precipitation record: GPCP Version 2.1. Geophysical Research 
Letters 36: Article Number L17808.  
IPCC (2012) Managing the Risks of Extreme Events and Disasters to Advance Climate Change 
Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate 
Change. Cambridge University Press, Cambridge, UK, and New York, NY, USA, 582 pp. 
IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 
ISO 73:2009 (2009a) Risk management - Vocabulary Available at 
http://www.iso.org/iso/home/standards/iso31000.htm (accessed June 15 2014). 
13 
 
ISO 31000:2009 (2009b) Risk management – Principles and guidelines. Avaialble at 
http://www.iso.org/iso/home/standards/iso31000.htm (accessed June 15 2014). 
Jaeger CC, Krause J, Haas A et al. (2008) A method for computing the fraction of attributable risk related 
to climate damages. Risk Analysis 28:  815-823.  
Jin C-S, Ho C-H, Kim J_H et al. (2013) Critical role of northern off-equatorial sea surface temperature 
forcing associated with Central Pacific El Nino in more frequent tropical cyclone movements toward East 
Asia. Journal of Climate 26: 2534-2545.  
Jones AE and Morse AP (2012) Skill of ENSEMBLES seasonal re-forecasts for malaria prediction in 
West Africa. Geophysical Research Letters 39: Article Number L23707.  
Jones PD, Lister DH , Osborn TJ et al. (2012)  Hemispheric and large-scale land surface air temperature 
variations: An extensive revision and an update to 2010. Journal Geophysical Research 117: Article 
Number D05127. 
Karori MA, Li JP, and Jin FF (2013) The asymmetric influence of the two types of El Nino and La Nina 
on summer rainfall over southeast China. Journal of Climate 26: 4567-4582.  
Kennedy JJ, Rayner NA, Smith RO et al. (2011) Reassessing biases and other uncertainties in sea surface 
temperature observations measured in situ since 1850: 2. Biases and homogenization. Journal of 
Geophysical Research-Atmospheres 116: Article Number D14104.  
Kent E, Rayner NA, Berry DJ et al. (2013) Global analysis of night marine air temperature and its 
uncertainty since 1880: The HadNMAT2 data set. Journal of Geophysical Research-Atmospheres 118: 
1281-1298. 
Keyantash JA and Dracup JA (2002) The quantification of drought: an evaluation of drought indices. 
Bulletin of the American Meteorological Society 83: 1167–1180. 
Khan VM (2012) Long-range forecasting of forest fire danger based on the SLAV model seasonal 
ensemble forecasts. Russian Meteorology and Hydrology 37: 505-513.  
Kim HM and Webster PJ (2010) Extended-range seasonal hurricane forecasts for the North Atlantic with 
a hybrid dynamical-statistical model. Geophysical Research Letters 37: Article Number L21705. 
Klotzbach PJ (2011a)  El Nino-Southern Oscillation's Impact on Atlantic Basin Hurricanes and U.S. 
Landfalls. Journal of Climate 24: 1252-1263.  
Klotzbach PJ (2011b) A simplified Atlantic basin seasonal hurricane prediction scheme from 1 August. 
Geophysical Research Letters 38: Article Number L16710.  
Klotzbach PJ (2012) El Nino-Southern Oscillation, the Madden-Julian Oscillation and Atlantic basin 
tropical cyclone rapid intensification.  Journal of Geophysical Research-Atmospheres 117: Article 
Number D14104.  
Knapp KR, Kruk M, Levinson DH et al. (2010) THE International Best Track Archive for Climate 
Stewardship (IBTrACS) unifying tropical cyclone data. Bulletin of the American Meteorological Society 
91: 363-375.  
Koide N, Robertson AW, Ines A et al. (2013) Prediction of Rice Production in the Philippines Using 
Seasonal Climate Forecasts. Journal of Applied Meteorology and Climatology 52: 552-569.  
14 
 
Kumar A (2010) On the assessment of the value of the seasonal forecast information. Meteorological 
Applications 17: 385-392.  
Lamb PJ, Timmer RP and Lele MI (2011) Professional development for providers of seasonal climate 
prediction. Climate Research 47: 57-79.  
Larson S, Lee S_K, Wang C et al. (2012) Geophysical Research Letters 39: Article Number L14706.  
Lee DS and MacKenzie AR (2010) Trans-hemispheric effects of large volcanic eruptions as recorded by 
an early 19th century diary. International Journal of Climatology 30: 2217-2228.  
Lemos MC, Kirchhoff C and Ramprasad V (2012) Narrowing the climate information usability gap. 
Nature Climate Change 2: 789-794.  
Levinson DH, Diamond HJ, Knapp KR et al. (2010) Toward a homogenous global tropical cyclone best-
track dataset.  Bulletin of the American Meteorological Society 91: 377-380.  
Levinson DH, Vickery PJ, and Resio DT (2010) A review of the climatological characteristics of 
landfalling Gulf hurricanes for wind, wave, and surge hazard estimation. Ocean Engineering 37:13-25.  
Lin N, Emanuel KA, Smith JA and Vanmarcke E (2010) Risk assessment of hurricane storm surge for 
New York City. Journal of Geophysical Research-Atmospheres 115: Article Number D18121.  
Liu H and Zhang D-L (2012) Analysis and prediction of hazard risks caused by tropical cyclones in 
Southern China with fuzzy mathematical and grey models. Applied Mathematical Modelling 36: 626-637.  
Liu KS and Chan JCL (2012) Interannual variation of Southern Hemisphere tropical cyclone activity and 
seasonal forecast of tropical cyclone number in the Australian region.  International Journal of 
Climatology 32: 190-202. 
Lloyd-Hughes B, Shaffrey LC, Vidale PL et al. (2013) An evaluation of the spatiotemporal structure of 
large-scale European drought within the HiGEM climate model. International Journal of Climatology 33: 
2024-2035. 
Logan KE, Brunsell NA, Jones AR and Feddema JJ (2010)
 
 Assessing spatiotemporal variability of 
drought in the US central plains. Journal of Arid Environments 74:  247-255. 
Lüdecke HJ, Hempelmann A and Weiss CO (2013) Multi-periodic climate dynamics: spectral analysis of 
long-term instrumental and proxy temperature records. Climate of the Past 9: 447-452. 
Luterbacher J, Koenig SJ, Franke J et al. (2010) Circulation dynamics and its influence on European and 
Mediterranean January-April climate over the past half millennium: results and insights from instrumental 
data, documentary evidence and coupled climate models Climatic Change 101: 201-234.  
Malmstadt JC, Elsner JB and Jagger TH (2010) Risk of Strong Hurricane Winds to Florida Cities. 
Journal of Applied Meteorology and Climatology 49: 2121-2132.  
Marengo JA, Tomasella J, Alves, L et al. (2011) The drought of 2010 in the context of historical droughts 
in the Amazon region. Geophysical Research Letters 38: Article Number L12703.  
Marshall NA , Gordon IJ and Ash AJ (2011) The reluctance of resource-users to adopt seasonal climate 
forecasts to enhance resilience to climate variability on the rangelands. Climatic Change 107: 511-529.  
McGregor GR (2012) Biometeorology. Progress in Physical Geography 36: 93-109. 
15 
 
Millner A and Washington R (2011) What determines perceived value of seasonal climate forecasts? A 
theoretical analysis. Global Environmental Change-Human and Policy Dimensions 21: 209-218. 
Mo KC (2008) Model-based drought indices over the United States. Journal of Hydrometeorology, 9: 
1212-1231. 
Mo KC and Berbery EH (2011) Drought and persistent wet spells over South America based on 
observations and the US CLIVAR drought experiments.  Journal of Climate 24: 1801-1820.  
Mo KC, Long L, Xia Y et al. (2011) Drought indices based on the climate forecast system reanalysis and 
ensemble NLDAS. Journal of Hydrometeorology 12: 181-205. 
Morice CP, Kennedy JJ, Rayner NA and Jones PD (2012), Quantifying uncertainties in global and 
regional temperature change using an ensemble of observational estimates: The HadCRUT4 dataset, 
Journal Geophysical Research 117: Article Number D08101.  
Mu Q, Zhao M, Kimball JS et al. (2013) A remotely sensed global terrestrial drought severity index. 
Bulletin of the American Meteorological Society 94: 83-98. 
Munemoto M and Tachibana Y (2012) The recent trend of increasing precipitation in Sahel and the 
associated inter-hemispheric dipole of global SST. International Journal of Climatology 32: 1346–1353. 
Nash D and Grab SW (2010) "A sky of brass and burning winds": documentary evidence of rainfall 
variability in the Kingdom of Lesotho, Southern Africa, 1824-1900. Climatic Change 101: 617-653. 
Nash DJ and Endfield GH (2008) 'Splendid rains have fallen': links between El Nino and rainfall 
variability in the Kalahari, 1840-1900. Climatic Change 86: 257-290.  
Naumann G, Barbosa P, Carrao H et al. (2012) Monitoring Drought Conditions and Their Uncertainties in 
Africa Using TRMM Data.. Journal of Applied Meteorology and Climatology 51: 1867-1874.  
Nicholson SE, Dezfuli AK and Klotter D (2012) A two-century precipitation dataset for the continent of 
Africa. Bulletin of the American Meteorological Society 93:1219-1231. 
Omondi P, Ogallo LA, Anyah R et al. (2013) Linkages between global sea surface temperatures and 
decadal rainfall variability over Eastern Africa region. International Journal of Climatology 33: 2082–
2104.  
Parry S, Hannaford J, Lloyd-Hughes B, and Prudhomme C (2012) Multi-year droughts in Europe: 
analysis of development and causes. Hydrology Research 43: 689-706. 
Perez GA, van Huijgevoort MHJ, Voss F and van Lanen HAJ (2011) On the spatio-temporal analysis of 
hydrological droughts from global hydrological models.  Hydrology and Earth System Sciences 15: 2963-
2978.  
Pielke RA Jr (2009) United States hurricane landfalls and damages: Can one- to five-year predictions beat 
climatology?  Environmental Hazards-Human and Policy Dimensions 8: 187-200.  
Poulos HM (2010) Spatially explicit mapping of hurricane risk in New England, USA using ArcGIS. 
Natural Hazards 54: 1015-1023.  
Pozzi W, Sheffield J, Stefanski R et al. (2013) Toward global drought early warning capability: 
Expanding international cooperation for the development of a framework for monitoring and forecasting. 
Bulletin of the American Meteorological Society 94: 776-785.  
16 
 
Przybylak R, Wyszynski P, Vizi Z and Jankowska J (2013) Atmospheric pressure changes in the Arctic 
from 1801 to 1920. International Journal of Climatology 33:1730-1760.  
Rayner NA, Brohan P, Parker DE et al. (2006) Improved analyses of changes and uncertainties in sea 
surface temperature measured in situ ice the mid-nineteenth century: The HadSST2 dataset. Journal of 
Climate 19:446-469.  
Renggli D Leckebusch G, Ulbrich U et al. (2011) The skill of seasonal ensemble prediction systems to 
forecast wintertime windstorm frequency over the North Atlantic and Europe.  Monthly Weather Review 
139: 3052-3068.  
Rienecker MM, Suarez MJ, Gelaro RJ et al. (2011) MERRA: NASA's Modern-Era Retrospective 
Analysis for Research and Applications. Journal of Climate 24: 3624-3648. 
Rim C-S (2013) The implications of geography and climate on drought trend. International Journal of 
Climatology 33: 2799-2815. 
Roads J. Tripp P and Juang H (2012) NCEP-ECPC monthly to seasonal US fire danger forecasts. 
International Journal of Wildland Fire 19: 399-414.  
Rodriguez R, Hemming D, Malone L et al. (2012) Improving climate risk management at local level – 
techniques, case studies, good practices and guidelines for World Meteorological Organization Members. 
In: Banaitiene N (ed.) Risk Management: Current Issues and Challenges, 477 - 482, Intech Publishers. 
Rose S (2012) Quantifying the hurricane risk to offshore wind turbines. Proceedings of The National 
Academy of Sciences of the United States of America 109: 13464-13464.  
Rumpf J, Weindl H, Faust E and Schmidt V (2010) Structural variation in genesis and landfall locations 
of North Atlantic tropical cyclones related to SST. Tellus Series A-Dynamic Meteorology and 
Oceanography 62: 243-255.  
Rumpf J, Weindl H, Hoeppe P et al. (2009) Tropical cyclone hazard assessment using model-based track 
simulation. Natural Hazards 48: 383-398.  
Saha S, Moorthi S, Pan H (2010) The NCEP climate forecast system reanalysis. Bulletin of The American 
Meteorological Society 91: 1015-1057.  
Scheitlin KN, Elsner J, Lewers SW (2011) Risk assessment of hurricane winds for Eglin air force base in 
northwestern Florida, USA.  Theoretical and Applied Climatology 105: 287-296.  
Shabbar A, Skinner W and Flannigan MD (2011) Prediction of Seasonal Forest Fire Severity in Canada 
from Large-Scale Climate Patterns. Journal of Applied Meteorology and Climatology 50: 785-799.  
Shanahan TM, Overpeck JT, and Anchukaitis KJ, (2009) Atlantic forcing of persistent drought in West 
Africa. Science 324: 377-380.  
Shukla S and Lettenmaier DP (2011) Seasonal hydrologic prediction in the United States: understanding 
the role of initial hydrologic conditions and seasonal climate forecast skill.  Hydrology and Earth System 
Sciences 15: 3529-3538.  
Slade S and Maloney ED (2013) An intraseasonal prediction model of Atlantic and east Pacific tropical 
cyclone genesis. Monthly Weather Review 141: 1925-1942.  
17 
 
Smith DM, Scaife AA and Kirtman B (2012) What is the current state of scientific knowledge with regard 
to seasonal and decadal forecasting? Environmental Research Letters 7: Article Number 015602.   
Sohn S-J, Tam C-Y and Ahn J-B (2013) Development of a multimodel-based seasonal prediction system 
for extreme droughts and floods: a case study for South Korea. International Journal of Climatology 33: 
793-805. 
Stockdale TN, Alves O and Boer G (2010) Understanding and predicting seasonal-to-interannual climate 
variability - The producer perspective. Procedia Environmental Sciences 1: 55-80.  
Sultan B, Barbier B, Fortilus J et al. (2010) Estimating the Potential Economic Value of Seasonal 
Forecasts in West Africa: A Long-Term Ex-Ante Assessment in Senegal. Weather Climate and Society 2: 
69-87. 
Sun B and Wang H (2013) Larger variability, better predictability? International Journal of Climatology, 
33: 2341–2351. 
Swain S, Wardlow BD, Narumalani S et al. (2011) Assessment of vegetation response to drought in 
Nebraska using Terra-MODIS land surface temperature and normalized difference vegetation index. 
GiScience & Remote Sensing 48: 432-455. 
Tao G, Zhang XB and Wulan W (2010) A seasonal forecast scheme for spring dust storm predictions in 
Northern China. Meteorological Applications 17: 433-441.  
Taramelli A, Melelli L, Pasqui M and Sorichetta A (2010) Modelling risk hurricane elements in 
potentially affected areas by a GIS system. Geomatics Natural Hazards and Risk 1: 349-373. 
Thomson MC, Doblas-Reyes FJ, Mason SJ et al. (2006) Malaria early warnings based on seasonal 
climate forecasts from multi-model ensembles. Nature 439: 576-579.  
Tippett MK, Sobel AH and Camargo SJ (2012) Association of US tornado occurrence with monthly 
environmental parameters. Geophysical Research Letters 39: Article Number L02801.  
Troccoli A, Boulahya M, Dutton JA et al. (2010) Weather and climate risk management in the energy 
sector. Bulletin of the American Meteorological Society 91: 785-788.  
Ummenhofer CC, D'Arrigo R, Anchukaitis KJ et al. (2013) Links between Indo-Pacific climate 
variability and drought in the Monsoon Asia Drought Atlas. Climate Dynamics 40: 1319-1334.  
Ummenhofer, CC, England MH, McIntosh PC et al. (2009) What causes southeast Australia's worst 
droughts?  Geophysical Research Letters 36: Article Number L04706.  
Unganai LS, Troni J, Manatsa D and Mukarakate D (2012) Tailoring seasonal climate forecasts for 
climate risk management in rainfed farming systems of southeast Zimbabwe. Climate and Development 5: 
139-152. 
UNDP (2014) Managing Climate Risks. Available at: 
http://www.managingclimaterisk.org/crm_home.php (accessed June 28, 2014) 
van Pelt SC and Swart R (2011) Climate change risk management in transnational river basins: the Rhine. 
Water Resources Management 25: 3837-386.  
Vecchi GA, Msadek R, Anderson W et al. (2013) Multiyear Predictions of North Atlantic Hurricane 
Frequency: Promise and Limitations.  Journal of Climate 26: 5337-5357.  
18 
 
Vecchi GA, Msadek R, Anderson W et al. (2013) Multiyear predictions of North Atlantic hurricane 
frequency: promise and limitations. Journal of Climate 26: 5337-5357.  
Vellinga M, Arribas A and Graham R (2013) Seasonal forecasts for regional onset of the West African 
monsoon. Climate Dynamics 40: 3047-3070.  
Vicente-Serrano SM, Beguería S, López-Moreno JI (2010) A new global 0.5° gridded dataset (1901–
2006) of a multiscalar drought index: comparison with current drought index datasets based on the palmer 
drought severity index. Journal of Hydrometeorology 11: 1033-1043. 
Vicente-Serrano SM, Begueria S, Lorenzo-Lacruz J et al. (2012) Performance of drought indices for 
ecological, agricultural, and hydrological applications. Earth Interactions 16: Article Number 10.  
Vicente-Serrano SM, Lopez-Moreno JI, Gimeno L et al. (2011) A multiscalar global evaluation of the 
impact of ENSO on droughts. Journal Of Geophysical Research-Atmospheres 116: Article Number 
D20109.  
Vickery PJ, Wadhera D, Twisdale LA and Lavelle FM (2009a) US hurricane wind speed risk and 
uncertainty. Journal Of Structural Engineering-American Society of Cooling Engineers (ASCE) 135: 301-
320.  
Vickery, PJ, Masters FJ, Powell MD and Wadhera D (2009b) Hurricane hazard modeling: The past, 
present, and future.  Journal of Wind Engineering and Industrial Aerodynamics 97: 392-405.  
Villarini G, and Vecchi G (2013) Multiseason lead forecast of the North Atlantic power dissipation index 
(PDI) and accumulated cyclone energy (ACE). Journal of Climate 26: 3631-3643.  
Villarini G, Vecchi GA and Smith JA (2012) US Landfalling and North Atlantic Hurricanes: Statistical 
Modeling of Their Frequencies and Ratios. Monthly Weather Review 140:44-65.  
Wang C, Liu H, Lee S-K and Atlas R (2011) Impact of the Atlantic warm pool on United States 
landfalling hurricanes. Geophysical Research Letters 38: Article Number L19702.  
Weinkle J, Maue R and Pielke R Jr (2012) Historical global tropical cyclone landfalls.  Journal of 
Climate 25: 4729-4735.  
Weng HY, Wu GX, Liu YM et al. (2011) Anomalous summer climate in China influenced by the tropical 
Indo-Pacific Oceans. Climate Dynamics 36: 769-782.  
Werner A, Maharaj AM and Holbrook NJ (2012) A new method for extracting the ENSO-independent 
Indian Ocean Dipole: application to Australian region tropical cyclone counts. Climate Dynamics 38: 11-
12.  
Westra S, Alexander L and Zwiers FW (2013) Global Increasing Trends in Annual Maximum Daily 
Precipitation. Journal of Climate 26: 3904-3918.  
Wheeler D (2010) The climate of the Atlantic ocean in the XVIIth-XVIIIth centuries according to British 
marine board journals.  Revue D Histoire Moderne Et Contemporaine 57: 42-69. 
White DH and Walcott JJ (2009) The role of seasonal indices in monitoring and assessing agricultural and 
other droughts: a review. Crop and Pasture Science 60: 599-616.  
Wilkinson C, Woodruff SD, Brohan P et al. (2011) Recovery of logbooks and international marine data: 
the RECLAIM project.  International Journal of Climatology 31: 968-979.  
19 
 
Willett KM, Williams CN, Dunn RJH et al. (2013) HadISDH: an updateable land surface specific 
humidity product for climate monitoring. Climate of the Past 9: 657-677. 
World Meteorological Organisation (WMO) (2014a) Global Framework for Climate Services. Available 
at: http://www.wmo.int/pages/governance/ec/global-framework-for-climate-services_en.html (accessed 
15 June 2014). 
World Meteorological Organisation (WMO) (2014b) Climate Data, Management and Exchange. 
Available at: http://www.wmo.int/pages/themes/climate/climate_data_management_exchange.php 
(accessed June 15 2014). 
World Meteorological Organisation (WMO) (2014c) Satellite Data Formats and Standards. Available at: 
http://www.wmo.int/pages/prog/sat/formatsandstandards_en.php (accessed June 15 2014).  
Wu Z, Lin H, Li Y and Tang YM (2013) Seasonal Prediction of Killing-Frost Frequency in South-Central 
Canada during the Cool/Overwintering-Crop Growing Season. Journal of Applied Meteorology and 
Climatology 52: 102-113.  
Xiao F, Yin Y, Luo Y et al. (2011) Tropical cyclone hazards analysis based on tropical cyclone potential 
impact index. Journal of Geographical Sciences 21: 791-800.  
Yang P, Xiao Z, Yang J and Liu H (2013) Characteristics of clustering extreme drought events in China 
during 1961-2010. Acta Meteorologica Sinica 27: 186-198. 
Yuan X, Wood EF, Roundy JK, and Pan M (2013) CFSv2-Based Seasonal Hydroclimatic Forecasts over 
the Conterminous United States. Journal of Climate 26: 4828-4847.  
Zargar A, Sadiq R, Naser B and Khan F (2011) A review of drought indices. Environmental Reviews 19: 
333-349.   
Zebiak S (2010) What is Climate Risk Management? Available at: http://iri.columbia.edu/news/what-is-
climate-risk-management (accessed May 28, 2014) 
Zeng L (2000) Weather derivatives and weather insurance: Concept, application, and analysis. Bulletin of 
the American Meteorological Society 81: 2075-2082. 
Zhang X-Z, Ge Q-S, Fang SQ et al. (2013) Precipitation variations in Beijing during 1860-1897 AD 
revealed by daily weather records from the Weng Tong-He Diary. International Journal of Climatology 
33: 568-576.  
Zinyengere N, Mhizha T, Mashonjowa E et al. (2011) Using seasonal climate forecasts to improve maize 
production decision support in Zimbabwe.  Agricultural and Forest Meteorology 151: 1792-1799.  
Zorita E, Moberg A, Leijonhufvud L et al. (2013) European temperature records of the past five centuries 
based on documentary information compared to climate simulations. Climatic Change 101: 143-168  
20 
 
 
Acknowledgements 
Thanks are extended to Dr G Srinivasan of the World Meteorological Organisation and Dr D Hemming of 
the UK Metoffice for comments on an initial draft of the paper. 
